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Adatoms in graphene nanoribbons: conductance characteristics and quantum spin
Hall effect
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Department of Physics, Indian Institute of Technology Guwahati
Guwahati-781039, Assam, India
(Dated: September 27, 2018)
We study the charge and spin transport in a two terminal graphene nanoribbon (GNR) decorated
with random Gold (Au) adatoms using a Kane-Mele model. Two commonly used GNRs, that
is, the armchair graphene nanoribbon (AGNR) and the zigzag graphene nanoribbon (ZGNR) are
compared and contrasted, which shows that in presence of Au adatoms, a somewhat robust 2e2/h
conductance plateau occurs in the case of AGNR around the zero of the Fermi energy, while in
ZGNR this plateau is fragile. We show that this flat plateau, having a conductance value 2e2/h, is
not a hallmark signature of a topologically nontrivial quantum spin Hall (QSH) state. Further the
conductance decreases by a small amount with the density of adatoms. On the other hand, the spin
polarized conductance shows distinct features of enhanced conductivity with increasing Au adatom
concentration. Further the fluctuations of the spin polarized conductance have features that carry
striking resemblance with the charge conductance profile of the GNRs.
PACS numbers: 72.80.Vp, 73.20.At, 73.22.Gk,
I. INTRODUCTION
After the successful fabrication of graphene1, it has
attracted a wide attention in both experimental and the-
oretical investigations. Graphene has a linear dispersion
near the Dirac points2 which leads to several interest-
ing transport properties4, such as unconventional quan-
tum Hall effect1,3,5, half metallicity6,7 and high carrier
mobility8,9. These features make graphene a promising
candidate for applications in nanoelectronic and spin-
tronic devices. On a parallel front, Kane and Mele10,11
predicted that quantum spin Hall (QSH) state can be ob-
served in presence of intrinsic spin-orbit coupling (SOC)
which can be created by a complex next nearest hop-
ping that differentiates a left hop from a right one, which
triggered an enormous study on topologically nontriv-
ial electronic materials12–15. However, the QSH effect in
clean graphene is still not observed experimentally ow-
ing to its vanishingly small intrinsic spin-orbit coupling
(SOC) strength16,17, whereas in strong SOC materials,
such as CdTe/HgTe quantum wells, the QSH effect has
been observed18.
It was theoretically proposed that adsorption of
adatoms such as Indium (In), Thallium (Tl), Gold (Au)
etc. can enhance or induce intrinsic SOC or Rashba SOC
in graphene20–22. While the intrinsic SOC required for
the predicted QSH effect, Rashba SOC is detrimental
to it. Adatoms like In or Tl can open up a significant
topologically nontrivial gap, different theoretical studies
have confirmed that the two systems are indeed stable
topological insulators20,22,23. On the other hand, Au-like
adatoms induce Rashba SOC which dominates over the
intrinsic SOC and QSH effect will likely to lose in the
competition. Therefore it will be relevant to study the
transport properties in Au adatom decorated graphene
to illustrate the validity of the above scenario. More-
over, owing to the presence of Rashba SOC induced by
Au adatoms features of the spin polarized conductance
may provide additional clues on the topological phase.
Metal atoms adsorbed onto graphene sheets also rep-
resent a new way for the development of new electronic
or spintronic devices. The electronic, structural, and
magnetic properties of transition metals on graphene
sheets24–26 and graphene nanoribbons (GNR)27–30 have
been studied extensively, which are mostly based on ab-
initio density-functional theory (DFT). The spin depen-
dent transport in GNR in presence of Rashba SOC has
been investigated in some cases, such as spin filtering
effect in zigzag GNR31, possible spin polarization direc-
tions for GNR with Rashba SOC32, effects of spatial sym-
metry of GNR on spin polarized transport33 etc. How-
ever, there are very few studies on the spin dependent
transport of Au decorated adatoms that discuss the spin
Hall effect and features like nonlocal resistance etc34. For
a recent review, see Ref35.
It is well known that the electronic properties of GNRs
depend on the geometry of the edges and lateral width of
the nanoribbons36, and according to the edge termination
type, mainly there are two kinds of GNR, namely arm-
chair graphene nanoribbon (AGNR)and zigzag graphene
nanoribbon (ZGNR). The ZGNRs are always metallic
with zero band gap, while the AGNRs are metallic when
the lateral width N = 3M − 1 (M is an integer), else
the AGNRs are semiconducting in nature37 with a finite
band gap.
Since Rashba SOC is the key factor for the spin polar-
ized transport which arises owing to the lack of surface
inversion symmetry in a system, in this paper our aim will
be on the exploration of spin dependent transport prop-
erties of Au decorated adatoms in both kinds of GNR,
namely the ZGNR and the AGNR and comment on the
presence of the QSH phase therein.
We organize our paper as follows. In the following
section, we present for completeness, the theoretical for-
2malism leading to the expressions for the charge and spin
polarized conductances using the well known Landauer-
Bu¨ttiker formula. After that we include an elaborate
discussion of the results. Where, we have tried to resolve
few queries, such as whether the QSH state exists in Au
decorated adatoms, how the spin polarized conductance
behave in the above system and so on. We have also
included an interesting comparison for the conductance
properties for the case of AGNR vis-a-vis that of ZGNR.
II. THEORETICAL FORMULATION AND
MODEL
To begin with we describe the geometry of the system
and make our notations clear. We consider a graphene
sheet adsorbed with Au atoms, which prefer to reside at
the center of the carbon rings20 where it can interact only
with the surrounding six-nearest carbon atoms and can
enhance the intrinsic SOC or induce Rashba SOC. The ef-
fective tight-binding Hamiltonian for graphene with such
adatoms is given by10,20,23,
H = −t
∑
〈ij〉
c†icj + iλSO
∑
〈〈ij〉〉∈R
νijc
†
is
zcj
+iλR
∑
〈ij〉∈R
c†i
(
s× dˆij
)
z
cj − µ
∑
i∈R
c†i ci (1)
where c†i =
(
c†i↑ c
†
i↓
)
is the creation operator of elec-
trons at site i. The first term is the nearest neighbour
hopping term, with a hopping strength, t = 2.7 eV. The
second term is the local intrinsic spin-orbit coupling term
enhanced by the adatoms residing on the set of hexagons
R that are inhabited by the Au adatoms. λSO is the
strength of the intrinsic SOC. The third term is the
nearest neighbour Rashba term which explicitly violates
z → −z symmetry. The last term is the on-site potential,
µ of the carbon atoms in the hexagons hosting adatoms,
which describe the chemical potential that screens charge
from the adatoms.
The zero temperature conductance G that denotes the
charge transport measurements, is related with the trans-
mission coefficient as in38,39,
G =
e2
h
T (E) (2)
The Transmission coefficient can be calculated via40,41,
T = Tr [ΓRGRΓLGA] (3)
GR(A) is the retarded (advance) Green’s function. ΓL(R)
are the coupling matrices representing the coupling be-
tween the central region and the left (right) lead. They
are defined by the relation42,
ΓL(R) = i
[
ΣL(R) − (ΣL(R))
†
]
(4)
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FIG. 1. Schematic view of a two terminal graphene nanorib-
bon. (a) Zigzag nanoribbon and (b) armchair nanoribbon.
The black and white circles represent the A and B sublattices
of graphene. The golden circles are the Au adatoms. The
green line is for the next nearest neighbour hopping, which
represents the intrinsic SOC, while the black lines surround-
ing the Au atoms correspond to nearest neighbour hopping
and Rashba SOC. Rest of the black lines contain only near-
est neighbour hopping. The leads are attached at both ends,
which are denoted by red color and are semi-infinite in na-
ture. The leads are free of any kind of SOC. Nx and Ny are
the length and width of the nanoribbon respectively.
Here ΣL(R) is the retarded self-energy associated with
the left (right) lead. The self-energy contribution is com-
puted by modeling each terminal as a semi-infinite per-
fect wire43.
Also the spin polarized conductance can be calculated
from44,
Gsα =
e2
h
Tr [σˆαΓRGRΓLGA] (5)
Where, α = x, y, z and σ denote the Pauli matrices. Fur-
ther we define the fluctuations in the spin polarized con-
3ductance as,
∆Gsα =
√
〈(Gsα)
2
〉 − 〈Gsα〉
2 (6)
where 〈...〉 denotes averaging being done over an ensemble
of samples with different distributions of adatoms for a
particular adatom density nad.
Fig.1 shows the geometry used for the calculations of
charge and spin polarized conductances. Fig.1(a) is the
setup corresponds to ZGNR while Fig.1(b) represents
that of AGNR. The length and width of these systems
can be determined as shown in the given figure. The sys-
tems for example, in Fig.1(a), the width is, Ny = 12 and
the length is, Nx = 21. Thus we can denote the zigzag
setup by NxZ-NyA = 21Z-12A. Likewise we may denote
the the armchair setup by 12A-21Z (see Fig.1(b)).
The black and white circles stand for the A and B
sublattices of graphene. The golden circles are the Au
adatoms. The green line is for the next nearest neigh-
bour hopping, which represents the intrinsic SOC, while
the black lines surrounding the Au adatoms correspond
to the nearest neighbour hopping and the Rashba SOC.
Rest of the black lines denote only nearest neighbour hop-
ping. The leads are semi-infinite in nature, attached at
both ends and are denoted by red color. The leads are
considered to describes by a pure tight binding graphene
lattice and hence are free of any kind of SOC.
III. RESULTS AND DISCUSSIONS
We have investigated the effect of the conducting
edges of AGNR and ZGNR in presence of intrinsic and
Rashba SOC induced by the adatoms on the experi-
mentally measurable quantity, namely the two terminal
charge conductance (G) and spin polarized conductance
(Gsα, α = x, y, z). We have also studied the effect of the
orientation of the quantization axis of spin on the spin
Hall conductance.
Before embarking on the results, we briefly describe
the values of different parameters used in our calcula-
tion. Throughout our work, we take the ZGNR setup as
89Z-48A and the AGNR setup as 48A-89Z (see Fig.1).
We set the hopping term, t = 2.7 eV. All the energies
are measured in unit of t. The charge and spin polarized
conductance are measured in units of e
2
~
. Also the lat-
tice constant, a is taken to be unity. All the measurable
quantities are averaged over 100 independent random-
adatom configurations for different adatom concentra-
tions, nad. In this work, we have considered three dif-
ferent Au adatom concentrations, namely, nad = 0.1, 0.2
and 0.3. For most of our numerical calculations we have
used KWANT45.
The signature for the topological insulator or the QSH
phase is that there exists a 2e2/h conductance plateau
and the system conducts via the edge states only, while
the system in bulk remains insulating in nature. Fig.2
shows the variation of the conductance as a function of
the Fermi energy, E with Au adatoms for three different
adatom densities, namely nad = 0.1, 0.2 and 0.3. From
the first-principles calculations20,34, we use the following
parameters: λSO = 0.007, λR = 0.0165 and µ = 0.1 (all
in units of hopping t). The dotted black line corresponds
to 2e2/h conductance.
For the ZGNR setup as shown in Fig.2(a), around the
zero of the Fermi energy, there is a dip in the conduc-
tance to value close to zero. On the other hand, for the
AGNR setup (Fig.2(b)), a 2e2/h conductance plateau oc-
curs around the zero of the Fermi energy. This leads to
a straight forward question, that in case of AGNR setup,
can the Rashba SOC (which is a dominant contribution
here) stabilize the QSH phase. To answer that question,
we plot the space resolved density of states (LDOS) for
the AGNR setup as shown in Fig.3(b), where the bulk
states yield non-vanishing contributions and hence are
conducting. As said earlier, it confirms that Rashba SOC
is detrimental for observing the QSH effect, which reveals
in our results in case of Au adatom.
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FIG. 2. (Color online) G is plotted as a function of Fermi
energy in case of Au adatoms, where λSO = 0.007, λR =
0.0165 and µ = 0.1 for (a) ZGNR case and (b) AGNR case.
The 2e2/h plateau is missing in the ZGNR setup but is present
in the AGNR case.
Thus the 2e2/h plateau in the conductance behaviour
does not guarantee the presence of a nontrivial topolog-
ical state46. This is the one of the interesting results of
this work.
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FIG. 3. (Color online) LDOS plot for (a) ZGNR and (b)
AGNR in case of Au adatoms. Adatom concentration is taken
to nad = 0.3. In both the figures, the system is conducting on
the whole. Thus the 2e2/h plateau does not guarantee QSH
states.
4Hence it boils down to the fact that by some means if
we are able to enhance the intrinsic SOC by one order of
magnitude compared to the value present in the Au deco-
rated graphene, there could be a way to restore the QSH
effect. In Fig.4, we show the variation of conductance
as a function of Fermi energy for the following parame-
ters: λSO = 0.08, λR = 0.0165 and µ = 0.1, that is all
the other parameters are same as in case of Au adatom,
except the intrinsic SOC. Clearly the 2e2/h conductance
plateau re-emerges for the ZGNR setup (Fig4(a)) as well
as in case of AGNR (Fig4(b)). The LDOS plots also
support our claim as shown in Fig5(a) and Fig5(b). We
also note that there is a certain threshold value for the
intrinsic SOC to recover the QSH effect. The threshold
is independent of the system size, at least for the few
system dimensions checked by us. Specifically, it is ob-
served that when the strength of the intrinsic SOC has
the same order of magnitude as that of the chemical po-
tential, the bulk states become insulating in nature and
the edge states start to conduct.
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FIG. 4. (Color online) Conductance G is plotted as a func-
tion of Fermi energy with λSO = 0.08 for (a) ZGNR and (b)
AGNR. Rest of the parameters are same as in case of Au
adatom. Again a 2e2/h conductance plateau occurs in both
the cases.
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FIG. 5. (Color online) LDOS plots for (a) ZGNR and (b)
AGNR case with λSO = 0.08 and other parameters same as
that of Au adatom for adatom density, nad = 0.3. Edge states
are again conducting with an insulating nature for the bulk
states. Thus by increasing the strength of the intrinsic SOC,
we recover the QSH effect.
Without applying an external magnetic field, spin po-
larized conductance can be achieved if a Rashba SOC
is present in a system. In pristine graphene, though
the strength of Rashba SOC is very weak, still it can
cause measurable spin polarized conductance. It has
been shown that, the y-component of spin polarized con-
ductance, Gsy can be achieved in graphene nanoribbons
32.
Zhang et al.33,47 showed that the x and z component
of the spin polarized conductances (Gsx, G
s
z) are zero for
ideal graphene nanoribbon because of the longitudinal
mirror symmetry of an infinite system32. Adsorption of
Au adatoms onto GNR can break this longitudinal mir-
ror symmetry and one can expect non-zero values of Gsx
and Gsz. Motivated by this, we study the behaviour of
spin polarized conductance in presence of Au adatoms.
We begin our study for the spin polarized conductance
by taking a hypothetical adatom which induces Rashba
SOC among the neighbouring carbon atoms surrounding
by the adatoms. Specifically we take the strength of the
Rashba SOC, λR = 0.1 which is one order of magnitude
large than that of Au adatoms. Fig.6 shows the variation
of the y-component of the spin polarized conductance(
Gsy
)
as a function of the Fermi energy for three different
adatom concentrations, namely nad = 0.1, 0.2 and 0.3.
Fig.6(a) is the result for the ZGNR case and Fig.6(b) for
the AGNR.
We find a few interesting features in the variation of
Gsy. The spin polarized conductance is anti-symmetric
about E = 0, which is owing to the electron-hole
symmetry32,48. Also for E < 0, Gsy is positive (nega-
tive) for the ZGNR (AGNR) setup. The AGNR setup
is basically the pi/2 rotated version of the ZGNR setup
about the z-axis. Under a pi/2 rotation about z-axis,
the Hamiltonian for the Rashba SOC changes its sign.
Specifically, if we define a Rashba Hamiltonian HR by,
HR = σxpy − σypx, then HR
pi/2 rotation
−−−−−−−−→ −HR. Which
explains the sign difference between the ZGNR and the
AGNR setup. Clearly, the magnitude of the Gsy increases
as we increase the adatom density. The spike like features
originate due to the finite number of modes available in
the leads.
Another important point to be noted here, that there
is a finite region about the zero energy, where the spin po-
larized conductance is strictly zero. For the ZGNR case,
the the width of the region (in units of t) is ∆ = 0.18 and
∆ = 0.12 for the AGNR case. This can be understood
from the band structures of the leads corresponding to
the ZGNR and AGNR setup as shown in Fig.7. Fig.7(a)
is the band structure for the ZGNR lead and Fig.7(b)
is a closer view of the region denoted by the dotted el-
lipse in Fig.7(a). Plots in the right panel are for the
AGNR lead. There are only two bands in the energy
spectrum within the interval, ∆. In other words, this in-
terval corresponds to single channel transmission. Spin
polarization is not possible if there is a single channel
transmission31,32. Also this single channel transmission
corresponds to the 2e2/h plateau as shown in Fig.4.
As we introduce the random distribution of adatoms
in the graphene nanoribbon, we effectively break the lon-
gitudinal mirror symmetry in the system. So it is ex-
pected that we should have a non-zero Gsx and G
s
z . Fig.8
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FIG. 6. (Color online) The y-component of the spin polarized
conductance, Gsy is plotted as a function of the Fermi energy
for λR = 0.1 for (a) ZGNR and (b) AGNR). Magnitude of G
s
y
increases with increasing adatom density.
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FIG. 7. (Color online) (a) Band structure of the ZGNR lead.
(b) a closer view of ZGNR band structure denoted by the
dotted ellipse. (c) and (d) are the band structure for the
AGNR case. (b) and (d) show the single channel transmission.
shows the variation of Gsx and G
s
z as a function of the
Fermi energy for two different adatom densities, namely
nad = 0.1, 0.2. Fig.8(a) stands for the ZGNR setup while
Fig.8(b) for the AGNR. Certainly by destroying the lon-
gitudinal mirror symmetry we are able to generate a non-
zero Gsx and G
s
z. However, the order of magnitude for the
x and z-components are two orders of magnitude smaller
than the y-component of the spin polarized conductance.
Since we are considering an average over 100 random
configurations in order to calculate the spin polarized
conductance, it is relevant to study the fluctuations in
Gsα (α = x, y, z). Fig.9 shows the fluctuations in the spin
polarized conductance, ∆Gsα as a function of the Fermi
energy. Though we did not find any similarity in the be-
haviour among the three components of the spin polariza-
tion, however the nature of fluctuations of the three com-
ponents are exactly the same. The spikes in these fluc-
tuation spectra can be understood if we look at Fig.10,
where the variation of ∆Gsy is shown for the ZGNR case
in Fig.10(a) and for the AGNR case in Fig.10(c). In the
lower panel, we plot the variation of the charge conduc-
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FIG. 8. (Color online) x and z-component of the spin polar-
ization are plotted as a function of the Fermi energy for (a)
and (b) ZGNR case and (c) and (d) AGNR case with λR =
0.1. Only two different adatom density, namely nad = 0.1, 0.2
are shown for clarity of presentation.
tance, G for the ZGNR case in Fig.10(b) and for the
AGNR case in Fig.10(d) in the clean limit, that is, where
the system is free from any kind of spin-orbit interaction.
In this limit, G shows a step-like behaviour. The height
of the step depends on the number of modes available to
the system for conduction for a given energy range. For
each step-like feature in G, there is a peak in ∆Gsy. Thus
we can say that, whenever a mode opens at a particular
energy, the fluctuation in ∆Gsy shoots up and thus there
is a spike.
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FIG. 9. (Color online) The fluctuations in the spin polar-
ized conductance, Gsα (α = x, y, z) is plotted as a function of
the Fermi energy for nad = 0.1 and λR = 0.1 in case of (a)
ZGNR and (b) AGNR. All the three components show similar
behaviour.
Apart from the sign factor of the spin polarization, the
qualitative behaviour of the ZGNR and AGNR setup are
almost same. Hence, from now on, for brevity, we shall
focus on the ZGNR setup only.
The variation of spin polarized conductance and their
fluctuations as a function of Fermi energy are shown in
Fig.11 in case of Au adatom. The x, y and z-component
of the spin polarization are plotted in Fig.11(a)-(c) and
their corresponding fluctuations in Fig.11(d)-(f). Here
owing to large fluctuation compared to the charge con-
ductance case, 200 random-adatom configurations are
taken. The magnitude of Gsx and G
s
z are smaller by
two orders of magnitude than Gsy. Also x and z com-
ponents of spin polarizations do not have any regular
feature as a function of the Fermi energy. Most interest-
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FIG. 10. (Color online) Gsy is plotted as a function of the
Fermi energy for (a) ZGNR case and (c) AGNR case with
λR = 0.1 and adatom density, nad = 0.1. Charge conduc-
tance, G is plotted as function of E in the clean limit for (b)
ZGNR case and for (d) AGNR case. Vertical dotted lines are
shown for comparison.
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FIG. 11. (Color online) (a-c) All the three components of spin
polarized conductance and (d-f) their corresponding fluctua-
tions are plotted as a function of Fermi energy for the ZGNR
case only in case of Au adatom.
ing point is that, when the Fermi energy exceeds a cer-
tain value, specifically for E ∼ 0.1, all the three compo-
nents of spin polarizations and their fluctuations become
substantially oscillatory in nature, which may be due to
the following reason. The chemical potential for the Au
adatom is taken as µ = 0.1, so when the Fermi energy
becomes equal or greater than the µ value, the screening
of charges between the Au adatom and its neighbouring
carbon atoms may not continue to occur. Gsy and ∆G
s
y
increase as we increase the adatom density, which can be
clearly noticed for E < 0.
By increasing the strength of intrinsic SOC, the results
discussed above can be improved a little. In this case
we set λSO = 0.08. Rest of the parameters are taken
exactly same as that of Au adatom. Fig.12 shows the
variation of Gsx, G
s
y and G
s
z and their corresponding fluc-
tuations as a function of Fermi energy for nad = 0.1, 0.2
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FIG. 12. (Color online) (a-c) All the three components of spin
polarized conductance and (d-f) their corresponding fluctua-
tions are plotted as a function of Fermi energy for ZGNR
case only with λSO = 0.08 (hypothetical adatom). Rest of
the parameters are same as Au adatom.
and 0.3. The magnitudes of all the three components
of spin polarization increase than the case corresponding
to Au adatoms (Fig.11), along with reduced oscillatory
nature for E ≥ 0.1. Fig.12(d-f) show the behaviour of
∆Gsx, ∆G
s
y and ∆G
s
z . Where they show very similar be-
haviour as a function of the Fermi energy. One can ask
why the fluctuations have greater magnitude than their
observables. Since the spin polarized conductance can
have both positive as well as negative values and also
since their magnitudes are close to zero, there is a fi-
nite possibility that the averaged value can be close to
zero. On the other hand, if we recall the expression for
the fluctuations (see Eq.6), the term 〈(Gsα)
2
〉 is always
is greater than zero and additive in nature. As a result,
∆Gsα assumes large (and oscillatory) values.
IV. CONCLUSION
In the present work we have studied the behaviour of
charge and spin polarized conductances in zigzag and
armchair graphene nanoribbons with Au adsorbates. Au
as adatom is chosen since it induces Rashba SOC in
the ribbon. We made a comparison between ZGNR and
AGNR and if the width of AGNR is taken asNy = 3M−1
(M being an integer) which makes AGNR metallic, both
type of ribbons show more or less same qualitative be-
haviour. In case of Au adatom, the systems are no longer
in QSH phase. However if we enhance the strength of the
intrinsic SOC, the QSH effect can be restored. By intro-
ducing the adatom in the system, we effectively break
the longitudinal mirror symmetry and hence we are able
to generate the x and z-component of the spin polar-
7izations. However their magnitude is one or two orders
smaller than than that of the y-component of the spin po-
larized conductance. The most interesting point is that,
the fluctuations of all the components of spin polarization
in presence of Rashba SOC only, have the same behavior,
which however goes away in case of Au adatoms.
It may be noted that we have considered an artificial
adatom which can induce an intrinsic SOC at least one
order larger than that is possible for Au adatoms. Thus
careful scrutiny of different (heavy) elements of the
periodic table that can induce larger SOC in graphene
nanoribbons is needed.
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